Introduction
============

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited cardiomyopathy characterized by right ventricular (RV) dysfunction and ventricular arrhythmias.^\[[@R1]\]^ Studies have shown that ARVC is present in up to 20% of individuals who experience sudden cardiac death (SCD) and is even more common among athletes who die suddenly.^\[[@R2]\]^

Prevention of SCD is the most important goal in the clinical management of patients with ARVC. According to the consensus guidelines, currently, the implantable cardioverter defibrillator (ICD) is the only effective strategy for the prevention of SCD.^\[[@R3],[@R4]\]^ More effective markers are needed to determine the long-term prognosis of patients with ARVC.

Microvolt T-wave alternans (MTWA) is a non-invasive test of arrhythmia vulnerability. Previous studies have shown that MTWA can predict ICD shocks and ventricular tachyarrhythmic events in diverse patient populations, including those with heart failure and ischemic cardiomyopathy.^\[[@R5],[@R6]\]^ Ambulatory electrocardiograph-based TWA was reported to exhibit prognostic ability in patients with ARVC.^\[[@R7]\]^ Currently, electrophysiologic studies (EPSs) are also used to predict the prognosis in patients with ARVC. However, studies have shown mixed results.^\[[@R8]--[@R12]\]^ Saguner *et al*^\[[@R8]\]^ reported that inducible sustained monomorphic ventricular tachycardia (VT) might predict long-term adverse outcomes in patients with ARVC.

Therefore, the objective of this study was to explore the prognostic value of MTWA using modified moving average (MMA) analysis complemented by an EPS in patients with ARVC with preserved left ventricular (LV) function during long-term follow-up.

Methods
=======

Ethical approval
----------------

The study protocol was approved by the institutional ethics committee of the First Affiliated Hospital of Nanjing Medical University. All participants provided written informed consent.

Patient recruitment
-------------------

Between January 2007 and November 2008, all in-hospital patients with ARVC were consecutively recruited. The diagnosis of ARVC was established on the basis of the criteria set by the Task Force of the Working Group of Myocardial and Pericardial Disease of the European Society of Cardiology and the Scientific Council on Cardiomyopathies of the International Society and Federation of Cardiology.^\[[@R1]\]^ All patients underwent MTWA tests and EPSs. Patients with acute infectious disease, acute myocardial ischemia, or uncontrolled heart failure or who were unable to complete the treadmill exercise test were excluded.

Treadmill exercise test and measurement of microvolt T-wave alternans
---------------------------------------------------------------------

The exercise test was performed using a treadmill ergometer after enrollment. Continuous electrocardiograms (ECGs) were digitally recorded at 500 Hz with a CardioSoft exercise ECG system (version 4.0; GE Healthcare, Boston, MA, USA) and analyzed fully automatically by the GE Healthcare version of the MMA method using an incremental update factor of 1/32. Using a modified Bruce protocol in the treadmill exercise test, the heart rate of patients could be smoothly increased to 90 to 120 beats/min and maintained for at least 3 min. The treadmill was suspended if VT, syncope, ST-segment depression \>0.2 mV, or weakness occurred in patients. The TWA values were calculated continuously during the entire exercise test from rest to recovery using all chest leads (V1--V6). The maximal TWA value at heart rate \<120 beats/min among all pre-cordial leads of each subject was derived and designated the MaxValt. The MTWA value was independently analyzed by two blinded experts.

Electrocardiographic characteristics
------------------------------------

All patients underwent ECG at rest (25 mm/s, 10 mm/mV) with standard lead positions. The ECGs were independently analyzed by two blinded experienced doctors. Differences in electrocardiographic interpretation were adjudicated by a third experienced doctor, and a final conclusion was made by consensus. QRS duration, epsilon wave, T-wave inversions in inferior or pre-cordial leads, and T-wave inversions beyond leads V1 to V3 were measured according to current practice.

Electrophysiologic studies
--------------------------

All the enrolled patients participated in the EPS. The endpoints of the EPS were the induction of sustained VT or ventricular fibrillation (VF) or the lack of induction of any tachyarrhythmias. Intravenous isoproterenol (1--4 μg/min) was administered if sustained VT was not induced by the baseline EPS. Programmed stimulation consisting of up to three extra stimuli was performed at the right ventricular apex and right outflow tract by delivering current at twice the diastolic threshold. Coupling intervals were progressively shortened until a response was no longer elicited or to a minimum of 200 ms.

Follow-up
---------

All patients received follow-up with electrocardiography, 24-h ambulatory electrocardiography, and ICD interrogation during clinical visits, which were scheduled every 3 to 6 months. The positive endpoint was the first occurrence of any of the following events: SCD, documented sustained VT, VF, or the administration of appropriate ICD therapy. SCD was defined as death within 1 h of the onset of symptoms or during sleep without any other identified cause. Appropriate ICD therapies were shock or anti-tachycardia pacing delivered for persistent ventricular tachyarrhythmia.

Statistical analyses
--------------------

Categorical variables are expressed as frequencies (percentages). Continuous variables are expressed as the mean ± standard deviation (SD). Variables with skewed distributions are expressed as medians (interquartile range \[IQR\], range). Clinical characteristics were compared with the *t* test or Pearson Chi-squared test as appropriate. Univariate and multivariate Cox regression analyses were performed to analyze associations between follow-up events and clinical variables. The results of the event-free analyses are presented with hazard ratios (HRs) and 95% confidence intervals (CIs). Event-free survival curves were plotted according to the Kaplan-Meier method with statistical significance examined by the log-rank test. All statistical analyses were performed with SPSS statistical software (version 20.0; IBM Co., NY, USA). A *P* value \<0.05 was considered statistically significant.

Results
=======

Patient characteristics
-----------------------

The study population consisted of 35 patients with ARVC (mean age 38.6 ± 11.0 years; 28 males). The baseline characteristics are shown in Table [1](#T1){ref-type="table"}. The echocardiography of all these patients showed the characteristic manifestations of RV abnormalities, such as wide RV outflow tract, local hypokinesia, local bulging, or local thinning \[Table [2](#T2){ref-type="table"}\]. All patients had LV ejection fractions (LVEFs) \>50%, and their heart function was better than the New York Heart Association (NYHA) II class.

###### 

Clinical characteristics of patients with and without clinical events at baseline.
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###### 

Characteristic right ventricle echocardiographic manifestations in patients with arrhythmogenic right ventricular cardiomyopathy.
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Among the 35 patients with ARVC, 28 had experienced sustained VT, four had syncope, and three had implanted ICD devices.

Analysis of MMA-TWA
-------------------

All enrolled patients with ARVC successfully underwent the MWTA test with treadmill exercise. The MaxValt was 17.0 (11.0--27.0) μV in 35 patients. The MaxValt values were 25.0 (12.5--28.0) μV in 15 patients with positive events and 17.0 (9.25--19) μV in 20 patients without positive events.

Fifteen patients were using anti-arrhythmic drugs (AADs) when the MTWA test was performed, including seven patients using beta-blockers, five using sotalol, one using propafenone, one using a beta-blocker and propafenone, and one using a beta-blocker and amiodarone. The MaxValt of the 15 patients who used AADs was similar to that of the other 20 patients who did not use AADs (median: 16 *vs*. 17.5, *P* = 0.36).

Electrophysiologic studies
--------------------------

All 35 patients underwent EPSs. Among them, 22 patients had induced VT, with 13 exhibiting one type of induced monomorphic sustained VT, and nine exhibiting two or more types. Sixteen of 22 patients underwent ablation, with an acute success rate of 6/16.

Follow-up
---------

During a median follow-up period of 99.9 ± 7.7 months, 15 patients had positive clinical events, including one SCD and 14 ventricular tachyarrhythmias. During the follow-up period, all 15 event-positive patients continued taking anti-arrhythmic drugs, two of them suffered syncope due to VT, and two ICD patients received shocks for fast VT/VF. Six patients underwent a second ablation for frequent sustained VT recurrence, and five more patients underwent implantation of ICDs during the follow-up period.

Predictors of clinical events
-----------------------------

Compared with patients without positive events, patients with positive events had a higher proportion of male gender (15/15 *vs*. 13/20, *P* = 0.03) and a higher proportion of VT inducible by EPS (13/15 *vs*. 9/20, *P* = 0.02) \[Table [1](#T1){ref-type="table"}\].

Survival analysis with the univariate Cox regression model indicated that inducible VT (HR, 5.23; 95% CI, 1.17--23.24; *P* = 0.02) and MaxValt (HR, 1.06; 95% CI, 1.00--1.12; *P* = 0.02) were risk factors for positive events. The multivariate Cox regression model for survival showed that inducible VT (HR, 5.98; 95% CI, 1.33--26.8; *P* = 0.01) and MaxValt (HR, 1.06; 95% CI, 1.01--1.11; *P* = 0.01) independently predicted positive clinical events \[Table [3](#T3){ref-type="table"}\].

###### 

Cox regression analysis of variables and events in patients with arrhythmogenic right ventricular cardiomyopathy.
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To evaluate the predictive power of MTWA and inducible VT for the occurrence of ventricular arrhythmias, the receiver operating characteristic (ROC) curve and the area under the curve (AUC) were used. When inducible VT was combined with MTWA, the AUC improved from 0.739 to 0.797 \[Figure [1](#F1){ref-type="fig"}\]. The ROC curve showed that a MaxValt of 23.5 μV was the optimal cutoff value to identify positive events. Patients with MaxValt values \>23.5 μV had worse event-free survival according to the Kaplan-Meier analysis (log-rank *P* = 0.015) \[Figure [2](#F2){ref-type="fig"}\]. The Kaplan-Meier survival curve analysis of patients categorized by MaxValt and inducible VT showed that patients with both a MaxValt \>23.5 μV and inducible VT had the worst prognosis (*P* = 0.002) \[Figure [3](#F3){ref-type="fig"}\]. The positive predictive value (PPV) was 85.71% (odds ratio \[OR\], 9; *P* = 0.027). In contrast, patients with a MaxValt ≤23.5 μV and non-inducible VT had the highest cumulative survival rate, with a negative predictive value (NPV) of 100% (*P* = 0.0015).

![Receiver operating characteristic curve for MaxValt and MaxValt+inducible VT to predict positive events in patients with arrhythmogenic right ventricular cardiomyopathy. The area under the curve values were 0.739 and 0.797 for MaxValt and MaxValt+inducible VT, respectively. The MaxValt was obtained from the maximal value of TWA in any pre-cordial lead from V1 to V6. AUC: Area under the curve; MaxValt: Maximal TWA value; ROC: Receiver operating characteristic curve; TWA: T-wave alternans; VT: Ventricular tachycardia.](cm9-132-1406-g004){#F1}

![Kaplan-Meier survival analyses of patients with arrhythmogenic right ventricular cardiomyopathy with a MaxValt \>23.5 μV and a MaxValt ≤23.5 μV. At a cutoff value of MaxValt \>23.5 μV, MTWA could predict ventricular tachyarrhythmia events in patients with ARVC. Patients with a MaxValt \>23.5 μV had worse event-free survival than those with a MaxValt ≤23.5 μV. The MaxValt was obtained from the maximal value of TWA in any pre-cordial lead from V1 to V6. ARVC: Arrhythmogenic right ventricular cardiomyopathy; MaxValt: Maximal TWA value; MTWA: microvolt T-wave alternans; TWA: T-wave alternans.](cm9-132-1406-g005){#F2}

![Kaplan-Meier survival analyses of patients with arrhythmogenic right ventricular cardiomyopathy categorized by MaxValt and inducible VT. Patients with both a MaxValt \>23.5 μV and inducible VT had the worst prognosis; similarly, patients with a MaxValt ≤23.5 μV and non-inducible VT had the highest cumulative survival rate. The MaxValt was obtained from the maximal value of TWA in any pre-cordial lead from V1 to V6. MaxValt: Maximal TWA value; TWA: T-wave alternans.](cm9-132-1406-g006){#F3}

Discussion
==========

The major findings of this study were as follows: (1) MTWA measured using MMA analysis could have prognostic value in patients with ARVC with preserved LV function during long-term follow-up. (2) A MaxValt \>23.5 μV and inducible VT independently predicted life-threatening ventricular tachyarrhythmias, appropriate ICD therapy and SCD in this cohort.

Exercise-induced MMA-TWA as a high-risk marker for cardiovascular events
------------------------------------------------------------------------

Exercise, such as on a treadmill or bicycle, is one of the most important methods to increase the heart rate to the critical level needed to detect TWA.^\[[@R13]\]^ The MTWA test using the spectral method and exercise can sometimes be affected by noise or artifacts. The MTWA test is improved when the MMA method is used.^\[[@R14]\]^ Moreover, exercise-induced MTWA by the MMA method has been shown to be a marker of increased risk for cardiovascular events in patients with or without heart diseases. In the Finnish Cardiovascular Study (FINCAVAS),^\[[@R15]\]^ the largest TWA study conducted to date, consecutive patients (*n* = 3598, 2164 males) underwent a clinically indicated exercise test with a bicycle ergometer, and their MMA-TWA was analyzed from the pre-cordial leads. The results demonstrated that the maximal TWA monitored from pre-cordial lead V5 was the strongest predictor of cardiovascular mortality and SCD, and higher TWA values indicated greater cardiovascular mortality and SCD risk.

Predictors of ventricular tachyarrhythmia and SCD in patients with ARVC
-----------------------------------------------------------------------

ARVC is a genetically determined disease that often pre-disposes patients to life-threatening ventricular tachyarrhythmias, which may occur as the first manifestation of the disease in young people without previous symptoms. The main goal of ARVC therapy is the prevention of SCD.

Previous studies showed that a number of clinical characteristics were associated with an increased risk of major arrhythmic events in patients with ARVC, such as male gender, proband status, cardiac arrest, syncope, LV dysfunction, inducible VT/VF, T-wave inversion in inferior or pre-cordial leads, T-wave inversions beyond right pre-cordial leads (V1--V3), and QRS fragmentation. However, these studies were based on smaller samples of patients who were followed for relatively short periods.

In the present study, we explored the predictive value of the previous indices of history of syncope and cardiac arrest, T-wave inversion in inferior or pre-cordial leads, T-wave inversion beyond leads V1 to V3, QRS duration, epsilon waves, inducible VT, and the new index, MTWA. Using Cox regression analysis, only the MaxValt and inducible VT could independently predict major tachyarrhythmic events. Patients with both a MaxValt \>23.5 μV and inducible VT had the worst prognosis. The PPV was 85.71%. However, patients with a MaxValt ≤23.5 μV and non-inducible VT had the highest cumulative survival rate, with an NPV of 100%. Therefore, the MTWA test using MMA analysis in this cohort was more powerful for predicting prognosis than the previous indices.

Combined with other indices, such as heart rate turbulence or heart rate variability, the MMA-TWA test has been shown to be effective in identifying post-myocardial infarction patients at high risk of arrhythmic events. Furthermore, TWA testing could provide high NPVs for the primary endpoint of arrhythmia-free survival (appropriate ICD therapy, documented VT/VF, or all-cause mortality), as well as programmed ventricular stimulation.^\[[@R16]\]^ Our present study has provided comparable outcomes.

Measurement and clinical implication of MMA-MTWA in patients with ARVC
----------------------------------------------------------------------

The spectral and MMA methods are the only two techniques approved by the United States Food and Drug Administration to measure microvolt levels of TWA for risk stratification for arrhythmic death. Tests with TWA levels ≥1.9 μV and a signal-to-noise ratio of *K* = 3 sustained for 2 min are classified as positive in the spectral protocol. However, a high incidence (approximately 20--40%) of "indeterminate" test results often occurs due to many factors, such as excessive ectopy, HR \<105 beats/min, unsustained MTWA, or noise.

As a promising time-domain analytical technique, MMA-TWA allows TWA analysis during routine exercise stress testing and 24-h ambulatory ECG monitoring without requiring special electrodes or a target heart rate. MMA-based TWA analyses on ambulatory ECG have been found to predict cardiovascular mortality and SCD in thousands of patients with coronary artery disease, myocardial infarction, heart failure, and ischemic and non-ischemic cardiomyopathy^\[[@R17]\]^ with varying extents of LV dysfunction.^\[[@R18]\]^ MMA-TWA has also been found to be elevated in ambulatory ECG recordings in other disease states associated with the risk of ventricular arrhythmias, including sleep apnea patients with congestive heart failure, epilepsy, chronic renal disease, hemodialysis, Brugada syndrome, and long QT syndrome.

In the ambulatory ECG-based TWA test, TWA ≥47 μV in standard pre-cordial leads is considered abnormal, and TWA ≥60 μV is considered severely abnormal.^\[[@R19]\]^ These cutoff points are based on algorithms that used an update factor of 1/8.

However, MMA-TWA characteristics and cutoff values based on the exercise stress test in patients with ARVC have not been previously reported. In our previous study,^\[[@R20]\]^ we found that TWA values in all pre-cordial leads and the MaxValt in patients with ARVC were much higher than those in healthy controls (MaxValt: 17.0 μV *vs*. 7 μV), using an update factor value of 1/32. In our present study, the cutoff value was proposed to be \>23.5 μV, which was different from that suggested in the study by Chung *et al*.^\[[@R7]\]^ Chung *et al* used the protocol of ambulatory ECG-based TWA and an update factor value of 1/8. Their study showed that compared with patients without tachyarrhythmic events, those with tachyarrhythmic events had higher TWA within the modified V5 and V1 channels. These channels suggested a cutoff value of \>66 μV, which is approximately two times our cutoff value.

MTWA combined with EPS has a greater prognostic value in patients with ARVC
---------------------------------------------------------------------------

MTWA has been reported to be a strong independent predictor of spontaneous ventricular arrhythmias, death, and programmed ventricular stimulation. MTWA was shown to be better than signal-averaged electrocardiography for the risk stratification of patients with regard to life-threatening arrhythmias.^\[[@R6]\]^ The Alternans Before Cardioverter Defibrillator study^\[[@R21]\]^ (566 patients, median follow-up 1.9 years) was the first clinical trial to use MTWA measured with the spectral method with a graded exercise protocol to guide prophylactic ICD insertion in patients with ischemic cardiomyopathy and low LVEF. The results demonstrated that TWA testing appeared to be comparable to EPSs for guiding ICD implantation and that the two methods may be complementary, especially with a high NPV to identify the subset of patients least likely to benefit from ICD insertion. In our present study, we also combined MMA-TWA and EPS to predict the prognosis in patients with AVRC with preserved LVEF. Our results showed that MaxValt and inducible VT independently predicted life-threatening ventricular tachyarrhythmias. Furthermore, the NPV was 100% when MMA-TWA was combined with EPS in a long-term follow-up study.

Study limitations
-----------------

Despite a follow-up period as long as 8 years, our study was limited by a small sample size affiliated with a single center. ICD implantation was limited in our recruited patients. Furthermore, in this study, we used an update factor of 1/32 when analyzing TWA, which was less sensitive than the recommended update factor of 1/8.^\[[@R19]\]^ As a result, the TWA values obtained were substantially lower than expected, and the capacity to predict VT might also be reduced.

In conclusion, MTWA assessment using MMA analysis complemented with an EPS could improve the ability to predict the prognosis in patients with ARVC with preserved LV function during long-term follow-up.
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